Hepatitis C virus (HCV) is an enveloped, positive-sense, single-stranded RNA virus of approximately 9.6 kb that possesses an RNA-dependent RNA polymerase (RdRp), NS5B. Like that in many RNA viruses, this RNA replicase lacks a proofreading mechanism. The mutation rate of the HCV RdRp is estimated to be 10 Ϫ3 to 10 Ϫ4 mutations/nucleotide, or 1 mutation per genome replication (13a, 27) . Genetic heterogeneity is further amplified by robust viral production of ϳ1 ϫ 10 12 virions per day. As a consequence, quasispecies of viral variants have been found in HCV-infected patients (4, 6, 8) . During chemotherapy, the high rates of viral replication and the high frequency of mutation lead to rapid generation of drug-resistant mutants. Emergence of resistant viruses is a major challenge in developing effective antiviral therapies against HCV infection. NS5B RdRp, the principal catalytic enzyme for HCV replication, is a viable target for anti-HCV therapeutics (44) . Recent research efforts have led to the discovery of many inhibitors that specifically target this enzyme (5, 7, 11, 19, 34, 35) . Among all polymerase inhibitors reported to date, HCV-796 ( . Because of the high mutation rate during HCV replication, amino acid changes may accumulate in the NS5B RdRp, leading to decreased sensitivity to the polymerase inhibitors. Resistance studies using tissue culture systems help to validate the enzyme target, delineate the mechanism of action, and provide important information for optimizing second-generation inhibitors against HCV. In addition, mutations identified in the resistant viruses may serve as diagnostic and prognostic markers to screen for drug susceptibility in patients.
Currently, cell cultures that support whole-virus replication are restricted to a few isolates, including a genotype 2a JFH-1 isolate derived from an individual with fulminant hepatitis (43, 49) , a genotype 1a H77-S isolate that harbors five tissue culture-adaptive mutations (47) , and chimeric constructs derived from genotype 1 and 2a JFH-1 (17) . These infectious culture systems have not been widely used for resistance studies because of their restricted genotype specificities and limited infectivity after multiple cell passages. Several studies successfully demonstrated the HCV subgenomic replicon in selecting variants resistant to antiviral inhibitors (12, 16, 38, 46) . A replicon is a subgenomic RNA that contains all essential ele-ments and genes required for replication in the absence of structural genes (3, 18) . The HCV replicon also contains a foreign gene encoding a drug-selectable marker (neomycin phosphotransferase) to allow antibiotic selection of cells that contain a functional replicon. Transfection of the HCV replicon into human hepatoma (Huh-7) cells leads to autonomous HCV RNA replication. This report describes the selection and characterization of replicon variants that have reduced susceptibility to HCV-796. Mapping of the amino acid changes encoded by the NS5B gene derived from the replicon variants identified the key mutations within the drug-binding pocket. Mutations in this pocket were responsible for the reduced susceptibilities of recombinant replicons and enzymes molecularly engineered with the single mutations to HCV-796. The drug susceptibilities of these replicon variants were evaluated in comparison to a panel of antiviral agents, including pegylated interferon and ribavirin.
MATERIALS AND METHODS

Materials.
All tissue culture reagents were purchased from Gibco BRL and HyClone. Clone A cells (licensed from Apath, LLC) were derived from Huh-7 cells, a human hepatoma cell line. The clone A cells contain approximately 1,000 genome copies of HCV genotype 1b replicon per cell when maintained in a subconfluent monolayer in the presence of 1 mg/ml geneticin (G418 sulfate; Gibco BRL). The sequence of the replicon in clone A cells is similar to that of the genotype 1b Con 1 strain of HCV (GenBank accession no. AJ238799), with the exception of two mutations in NS3 (Q1112R) and NS5A (S2204I). Clone A cells were propagated in Dulbecco's minimal essential medium (Gibco BRL) containing 10% fetal bovine serum (HyClone) supplemented with 1% penicillin/ streptomycin (Gibco BRL), 1% nonessential amino acids (Gibco BRL), 1 mg/ml G418, and 0.66 mM HEPES buffer, pH 7.5.
The plasmid pBB7 containing the HCV genotype 1b BB7 replicon cDNA was also licensed from Apath, LLC. The coding sequence of pBB7 is similar to that of the genotype 1b Con 1 strain of HCV except for one nucleotide mutation resulting in an amino acid change of S2204I within NS5A. All other molecular biology reagents were obtained from suppliers as indicated.
Selection of drug-resistant HCV replicons in clone A cells. Approximately 3 ϫ 10 5 clone A cells were seeded in a T-25 tissue culture flask in triplicate and cultured in medium containing 2% fetal bovine serum without G418 and with 0.1 or 1 M HCV-796 dissolved in dimethyl sulfoxide (DMSO) (final concentration, 0.5% [vol/vol]). As a control, clone A cells were passaged in parallel in the same medium containing 0.5% DMSO without compound. When the cell density reached approximately 80% confluence (about 2 to 3 days), the cells were split (1:3) in fresh medium containing HCV-796. An aliquot of the cells from each passage was collected to monitor HCV RNA levels. As the intracellular HCV load was reduced and reached a plateau (about 16 days), fresh medium containing HCV-796 and 0.5 mg/ml G418 was added to select for cells containing a functional replicon variant. Approximately 20 days after the selection, small colonies of cells resistant to the inhibitor and the antibiotic became visible and were pooled. The resistant cells (796R) generated from 0.1 and 1 M HCV-796 were named 796R(0.1 ⌴) and 796R(1 ⌴), respectively. To generate resistant cells at a high compound concentration, cells from 796R(0.1 ⌴) and 796R(1 ⌴), respectively, were further incubated with 10 ⌴ HCV-796 and 0.5 mg/ml G418 to generate pools of 796R(10 ⌴) cells. The selection of 796R(10 ⌴) cells from the 796R(0.1 ⌴) and the 796R(1 ⌴) pools required another 20 days after the addition of the drug. All resistant cells were cultured at the indicated drug concentrations in the presence of 0.5 mg/ml G418 for at least 3 weeks before analysis. To ascertain the reproducibility of the selection, genotype 1b (BB7 isolate) replicon-containing cells were cultured in the presence of 0.1 M or 0.2 M of HCV-796 with 0.5 mg/ml or 1 mg/ml G418, respectively, for six passages. As a control, genotype 1b (BB7 isolate) replicon-containing cells were passaged in parallel without HCV-796.
Isolation and sequencing of the NS5B gene from the replicon-containing cells. Total cellular RNA was extracted from the replicon-containing cells using a Micro-to-Midi total-RNA purification system (Invitrogen). The NS5B-containing cDNA was generated in a two-step reverse transcription (RT)-PCR. The first-strand cDNA was generated by RT in a 10-l reaction mixture containing 0.1 to 0.3 g of total cellular RNA, 2 pmol of primer (7761R, 5Ј-CGTTCATC GGTTGGGGAGTA-3Ј) and 10 nmol each of deoxynucleoside triphosphates using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen). The reaction mixture was mixed, heated at 65°C for 5 min, and placed on ice to allow the primer to anneal to the template RNA. Ten microliters of the RNA-primer mixture was added to 9 l of the SuperScript II reaction mixture, which contained 10 mM dithiothreitol, 5 M MgCl 2 , and 40 units of RNaseOut RNase inhibitor. After the reaction mixture (19 l) was incubated at 42°C for 2 min, the RT reaction was initiated by adding 1 l of the SuperScript II reverse transcriptase (50 units), followed by incubation at 42°C for 50 min. The reaction was terminated at 70°C for 15 min, followed by digestion with RNase H at 37°C for 20 min. To amplify the NS5B gene, 2 to 4 l of the RT reaction products was mixed with 10 pmol each of the primers (5919F, 5Ј-GATCTCAGCGACGGGT CTT-3Ј, and 7761R), 10 nmol each of deoxynucleoside triphosphates, 2 units of Taq DNA polymerase, and 1ϫ buffer supplemented with 1.5 mM MgCl 2 provided by the supplier (Invitrogen). The reaction (final volume, 50 l) was carried out at 95°C for 1 min, followed by 25 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 2 min and an extension at 72°C for 7 min. The PCR products were evaluated by agarose gel electrophoresis. The 1.8-kb fragment was excised and purified from the gel. The cDNA was ligated with the PCR4-TOPO vector, and the resulting recombinant DNA plasmid was transformed into One Shot chemical-competent Escherichia coli according to the manufacturer's instructions (Topo TA cloning kit for sequencing; Invitrogen). The presence of the HCV NS5B insert in the plasmids was verified by EcoRI digestion. Plasmids containing the HCV NS5B inserts were subjected to nucleotide sequencing using an ABI Prism BigDye terminator cycle-sequencing ready-reaction kit v3.0 (Applied Biosystems) according to the manufacturer's instructions. The sequenced products were gel purified using a DyeEx 96 kit (Qiagen), dried down, denatured with formaldehyde, and separated by electrophoresis using an ABI Prism 3700 DNA sequencer. Sequence data were analyzed using Sequencher v4.0.
Cloning and mutagenesis. Standard recombinant DNA technology was used to construct and purify pBB7 replicon variant plasmids. All NS5B variants were initially generated using the plasmid NS5B-BB7dCT21-His as the input template (11) . Single-nucleotide changes were introduced using the QuikChange XL Site Directed Mutagenesis kit (Stratagene) according to the manufacturer's procedure. Amino acid mutations were designated by the single-letter code of the parental amino acid, the amino acid position within NS5B, and the altered amino acid in the mutant constructs (e.g., L314F). The change in the nucleotide sequence in each mutant construct is indicated in Table 1 . Individual clones were sequenced to confirm the presence of the desired mutations and the lack of other changes. To prepare the pBB7 replicon variant plasmids, the Bsu36I fragments from the mutant plasmid NS5B-BB7dCT21-His were cloned into pHCVrep1b.BB7 (licensed from Apath, LLC) backbones digested with Bsu36I. The pBB7 plasmids were sequenced to confirm the expected single-nucleotide changes in the coding sequence for NS5B.
RNA transcription and electroporation of cultured cells. pBB7 replicon variant DNAs were linearized with ScaI, and in vitro transcription was performed using Ambion's Megascript T7 High Yield Transcription kit. Purified RNA transcripts were electroporated into Huh-7 cells in quadruplicate using a BioRad Gene Pulsar Electroporation System (settings, 270 V and 950 F). Stably transfected replicon variant cell lines were initially selected with 0.25 mg/ml G418 and stepped up to 1 mg/ml before further testing. One cell plate was stained with crystal violet to visualize the number of colonies and to determine the colony formation efficiency. Individual cell clones from each plate were pooled and expanded for drug susceptibility testing. The NS5B gene of an early-passaged replicon variant was sequenced to confirm the presence of the expected nucleotide changes in the coding region for NS5B. No other changes affecting the amino acid sequence of NS5B were detected.
Expression and purification of NS5B enzyme variants. All NS5B enzymes were expressed and purified according to the protocol for NS5B-BB7dCT21-His as previously described (11) . Briefly, recombinant plasmids were transformed . After 4 to 6 h of incubation, the cells were harvested and lysed. NS5B enzymes were purified by chromatography using a nickel affinity column (Talon; BD Biosciences Clontech), followed by a cationexchange column (Poros HS; Applied Biosystems).
Evaluation of antiviral agents in replicon variants.
The drug susceptibility of the replicon-containing cells was evaluated as described previously (11) . Briefly, the cells were treated with increasing concentrations of compounds in medium containing 2% fetal calf serum without G418 for 3 days at 37°C and 5% CO 2 . After incubation, total RNA from the replicon-containing cells was isolated. The levels of HCV, GAPDH (glyceraldehyde 3-phosphate dehydrogenase), and rRNAs were quantified using TaqMan reverse transcriptase PCRs. The amounts of HCV, 18S rRNA, and GAPDH RNA in each sample were estimated by comparing the number of cycles during the exponential phase of the PCR amplification with those in the corresponding standard curves. HCV RNA standards used for the construction of the standard curve were prepared by extracting the total RNA from clone A cells. The RNA sample was sent to the National Genetics Institute to quantify HCV RNA. The total RNA extracted from clone A cells was quantified by measurement of the optical density at 260 nm and used for construction of the standard curves of rRNA and GAPDH. The levels of HCV RNA and GAPDH were expressed as HCV RNA (copies) and GAPDH (ng) per g of total RNA using rRNA as a marker for total-RNA measurement. The concentrations of the compounds that inhibited 50% of the HCV RNA level (EC 50 ) were determined using the MDL LSW data analysis software in Microsoft Excel.
Binding of HCV-796 to NS5B. Changes in the intrinsic fluorescence of HCV-796 were monitored by the excitation at 320 nm in the presence and absence of the NS5B polymerase. The emission maximum of the inhibitor occurred at 395 nm when free in solution and at 375 nm when bound to the enzyme. The shift in the emission maximum was accompanied by an increase in the fluorescence intensity of the bound inhibitor. To determine the binding affinity using these intensity changes, increasing concentrations of either the recombinant NS5B enzyme or the C316Y mutant enzyme were added to 200 nM of the inhibitor. The fluorescence spectra were recorded after incubation for about 40 min. The recombinant enzymes used in this study lacked 21 amino acids at the C terminus and were tagged with six histidines (11) . In the control experiments, buffer instead of the enzyme was added to the inhibitor. The resulting changes in the fluorescence intensity at the emission maximum of 375 nm were used to generate binding isotherms and estimates of the affinity. The fluorescence spectra were recorded on a Fluoromax-3 (Jobin-Yvon, Edison, NJ). The fluorescence intensity changes were fitted to a single binding-site model to estimate K D values, using the following equation:
where ⌬F is the fluorescence intensity change at a fixed wavelength, K D is the binding affinity of the inhibitor for the protein, [P t ] is the total protein concentration, [I t ] is the total inhibitor concentration, and c is a constant that relates the fluorescence intensity to the concentration.
RESULTS
Selection of replicon variants with reduced susceptibility to HCV-796. To select for HCV-796-associated replicon variants, cells bearing a genotype 1b HCV replicon were treated multiple times with 0.1 and 1 M HCV-796 (an equivalent of 10-and 100-fold EC 50 , respectively, in a 3-day assay). At the end of the 16-day treatment, about 3.6 log 10 and 4.2 log 10 reductions of HCV RNA levels were observed in cells treated with 0.1 and 1 M HCV-796, respectively (Fig. 2) . The mRNA level of a housekeeping gene, the GAPDH gene, remained essentially unchanged throughout the 16-day period (data not shown). These results suggested that HCV-796 had a direct antiviral effect on HCV replication and that the compound was well tolerated by the cells.
The HCV replicon encodes a drug-selectable ( The susceptibility of the variant cells to HCV-796 was measured after treating the cells in the presence or absence of increasing concentrations of the compound for 72 h (Fig. 3) . The levels of HCV RNA were determined using a quantitative TaqMan RT-PCR assay. All three 796R variant cell populations had similar steady-state HCV RNA levels compared to wild-type clone A cells (Table 2 ) and displayed different extents of susceptibility to the compound (Fig. 3) . At the solubility limit (56 M) of the compound in cell culture medium, HCV-796 reduced HCV RNA levels by 1.4 log 10 , 0.7 log 10 , and 0.5 log 10 units in the 796R(0.1 M), 796R(1 M), and 796R(10 Table 2 ). The resistant phenotypes were also confirmed by selecting replicon variants in the presence of 0. (Fig. 4A) . Therefore, it is likely that the resistance observed in the 796R cells was due to mutations within the NS5B gene. To map the nucleotide changes within NS5B, total cellular RNA was extracted from the 796R cells. The gene segment encoding NS5B was amplified by RT-PCR, followed by cloning and transformation into E. coli. Ninety-three bacterial clones containing a full-length NS5B gene derived from the pools of 796R cells were sequenced. In addition, 11 clones containing the NS5B gene derived from the control clone A cells were used as comparators.
As shown in Fig. 5A , the NS5B genetic sequence from the control cells contained random amino acid changes with no specific patterns. A total of 32 amino acid changes were observed among the 11 clones, with an average of 3 amino acid changes per clone. All amino acid changes contained one nucleotide change per amino acid, resulting in a mutation rate of 1.6 ϫ 10 Ϫ3 mutations per nucleotide for the HCV replicon. Several unique mutations within NS5B not found in the control cells were observed in the 93 clones derived from the 796R cells ( Fig. 5B and C) . Our attention was focused on changes in the vicinity of the HCV-796 binding site, which included C316Y, C316F, C316S, I363V, S365L, S365A, S365T, S368F, M414I, and M414T. An additional change, L314F, was observed in the second study. Cysteine 445 is located approximately 14 Å from the HCV-796 binding pocket. The C445F substitution was also frequently detected in replicon variants selected from other classes of HCV polymerase inhibitors. A luciferase replicon bearing the C445F mutation had over 10-fold-reduced susceptibility to HCV-796 (data not shown).
As illustrated in Fig. 4A and B, the key amino acid substitutions are distributed among four structural components within the drug-binding pocket. 414 is in the ␣-helix M. All of these amino acids have direct interactions with HCV-796, as identified in the crystal structure of the NS5B-HCV-796 complex (Fig. 4B) .
To assess if there was any pattern of mutations in the NS5B enzyme of replicon variants, combinations of amino acid substitutions were evaluated. Amino acid substitutions detected once in the DMSO-treated control cells were considered random mutations and were not included in the evaluation. Using these criteria, a total of 24 amino acid changes within NS5B were observed (Fig. 5B and C) . Close examination of the c Steady-state levels of HCV RNA after 3 days of incubation in tissue culture medium. The results represent at least three independent determinations. d Viral load reduction was determined at the indicated compound concentrations (M, in parentheses) in a 3-day assay. The results represent at least three independent determinations. amino acid changes revealed seven patterns of mutations. Of these, the double mutations (K355R plus C445F) were found in all three pools of 796R cells, and V85L plus F162Y plus C316F with or without T19P and C316S/Y plus C445F were found in replicon variants selected from 1 and 10 M HCV-796. The rest of the combinations, P197A plus C445F plus V581A, C316Y plus M414I, and S365L plus T390I, were detected in either 796R(1 M) or 796R(10 M) variant cells. In some replicon variants, C445F and S365L existed as the sole amino acid change (Fig. 5B and C) .
Characterization of the amino acid substitutions in replicon variants. The contributions of amino acid substitutions located within the drug-binding pocket to drug susceptibility were assessed in replicon variants containing single-amino-acid mutations in NS5B in the background of the genotype 1b BB7 adaptive replicon (3) . The replicon variants were tested in the presence or absence of increasing concentrations of HCV-796 in a 3-day assay. Within the active-site loop, the substitution of amino acid L314F did not alter the susceptibility of the replicon to HCV-796 (Table 3 ). In contrast, the replacement of cysteine 316 with phenylalanine, tyrosine, or serine (C316F/ Y/S) resulted in EC 50 values that were 130-, 166-, and 10-fold, respectively, greater than that of the wild-type 1b BB7 replicon (Table 3) . Amino acid 316 within NS5B is highly polymorphic among natural isolates of genotype 1b (see Discussion). Although the C316N replicon variant was not detected in the replicon resistance selection, 316N makes up 40% of the NS5B sequences of natural isolates, as estimated from 249 sequences in the NIH genetic-sequence database (GenBank). A mutant replicon bearing the C316N substitution displayed over 26-fold-reduced susceptibility to HCV-796 (Table 3) .
While changes in residues 363 (I363V) and 368 (S368F) within the serine-rich loop had a modest effect on susceptibility to HCV-796, replacement of serine 365 with alanine or threonine (S365A/T) led to 41-and 212-fold, respectively, reduced susceptibility to the compound (Table 3) .
In ␣-helix M, the replacement of methionine 414 with isoleucine or valine (M414I/V) resulted in low to moderate increases in replicon EC 50 values leading to three-to eightfoldreduced susceptibility to HCV-796 (Table 3 ). The change of methionine 414 to threonine did not change susceptibility to HCV-796 in the replicon.
The effects of the amino acid substitutions beyond the vicinity of the drug-binding pocket have not been evaluated. Given that the pools of 796R cells displayed a substantially higher resistance than the individual mutations examined (compare Table 2 and Table 3 ), these additional mutations might serve important functions, such as adaptation to cell culture replication or compensation for the impaired fitness induced by the primary mutations (see below), in addition to direct effects on drug susceptibility.
The impact of amino acid substitutions on viral fitness and growth kinetics was estimated based on the colony formation efficiency and steady-state HCV RNA levels in the repliconcontaining cells. Transfection of the replicon RNAs into Huh-7 cells resulted in colony formation in the presence of G418 within 20 days after transfection. No colonies were obtained from Huh-7 cells transfected with the RNAs containing a GAA (polymerase-negative) mutation of NS5B or mock transfected (result not shown). As shown in Table 4 , the colony formation efficiencies for the replicon variants were 10-to 1,000-fold less than for the wild-type BB7 replicon, suggesting that the amino acid substitution in NS5B adversely affected viral fitness. In particular, the amino acid substitutions within the serine-rich loop (I363V and S365T/L) produced the most severe impairment of colony formation ( Table 4 ). The replicon variant bearing S365L formed small colonies initially but could not sustain G418 selection and failed to establish a stable cell line. Reduced fitness was not as apparent once the cell lines were established. HCV RNA levels comparable to those of the wild- type replicon were observed in the replicon variants L314F, I363V, and M414V (compare Table 4 to Table 3 ). Even though the S365L/T replicon variants exhibited impaired colony formation efficiencies (Table 4) , the replicon RNA level in the S365T variant was comparable to that in the control 1b BB7 cells (Table 3) . It should be noted that the HCV RNA levels in the pools of 796R cells were comparable to that in the wildtype clone A cells (Table 2 ). It is possible that compensatory mutations present in NS5B and/or other regions of the replicon genome might have restored the viral RNA to wild-type levels. Inhibitory activity of HCV-796 in mutant NS5B enzymes. To assess the effects of HCV-796 on polymerase activity in the replicon variants, recombinant genotype 1b BB7 NS5B enzymes molecularly engineered with single mutations were cloned and expressed in E. coli. The polymerase activities of the purified mutant enzymes were evaluated in a biochemical (Table 5 ). Among the enzyme variants, the C316N/Y/F substitution resulted in 2-to 124-fold-reduced susceptibility to HCV-796, whereas the M414V/I and the I363V substitutions showed little difference in susceptibility to the compound (Table 5 ).
In the biochemical assay, the recombinant HCV NS5B enzymes derived from the natural genotype 1b isolates BK and J4 (26) , which contain asparagine at position 316, are less susceptible to HCV-796 than enzymes with a cysteine at this position (A. Y. M Howe, S. K. Chunduru, and D. C. Young, presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses, Cairns, Australia, 27 to 31 August, 2006). To ascertain the effects of asparagine and cysteine at position 316 in NS5B on susceptibility to HCV-796, the NS5B enzyme derived from the genotype 1b BK isolate (BK N316) was engineered with a single asparagine-to-cysteine change at amino acid 316 (BK-N316C). This enzyme variant was 4.5-fold more susceptible to HCV-796 than the wild-type BK enzyme (Table  5) , confirming the importance of this residue for drug susceptibility in HCV-796.
Biophysical binding of HCV-796 to mutant NS5B protein. Sequence analysis of the NS5B gene derived from the 796R cells led to the identification of several amino acid changes within NS5B, including L314F, C316Y/F/S, I363V, S365L/A/T, S368F, and M414I/T/V. The X-ray crystal structure of HCV-796 in complex with HCV NS5B revealed that all these amino acids have direct interactions with HCV-796 (Fig. 4B) . The mutations at cysteine 316 and serine 365 exhibited the strongest impact on drug susceptibility in both the replicon and the enzyme assays. To understand the mechanism of resistance of one of these mutations, the binding affinities of HCV-796 with the wild-type 1b BB7 NS5B and the mutant NS5B bearing the C316Y substitution were evaluated. The changes in the intrinsic fluorescence of HCV-796 were used to evaluate the binding affinity of the compound with the two enzymes. The emission maximum of HCV-796 occurred at 395 nm when free in solution and 375 nm when bound to enzyme. This emission maximum shift was accompanied by an increase in the fluorescence intensity of the bound inhibitor. Titration of HCV-796 with increasing concentrations of the enzymes resulted in an increase in the intrinsic fluorescence of the compound, which was used to generate the binding isotherms and to estimate the binding constants (Fig. 6) . The results of the binding studies showed that the NS5B 1b BB7 enzyme bound HCV-796 tightly with a K D value of 180 nM. The mutant enzyme containing the C316Y substitution bound weakly with no evidence of saturation within the same enzyme concentration range, suggesting that the binding affinity was at least 1 log unit weaker. These results demonstrated that in the absence of RNA, NS5B with a tyrosine at position 316 binds HCV-796 much more weakly than with a cysteine at position 316, consistent with the reduced susceptibility in the C316Y replicon variant.
Activities of antiviral agents in HCV-796-resistant repliconcontaining cells. The antiviral activities of a panel of antiviral agents, including two broad-spectrum antiviral agents and four HCV-specific inhibitors, were evaluated with the C316Y replicon variant and a pool of variant cells selected from HCV-796. Pegylated interferon and ribavirin both have demonstrated antiviral activities against many viruses (2, 10, 15, 22, (Table 6 ). Ribavirin had similar potencies against the C316Y and the wild-type replicons and was fivefold more active in the pool of resistant cells selected from 10 M of HCV-796. The reasons for hypersensitivity against 796R are not clear; it might be due to metabolic variability in different cell lines and/or direct antiviral activities. Ribavirin also inhibited the replicon variants bearing the other HCV-796-associated mutations listed in Table 3 (data not shown). The antiviral activities of four inhibitors that bind to different sites of the NS5B polymerase were evaluated. HCV-086, a benzofuran inhibitor structurally similar to HCV-796, showed reduced inhibitory activities against the C316Y replicon and 796R cells, suggesting a general resistance of the mutations to this series of inhibitors (Table 6 ). Interestingly, an anthranilate compound, an allosteric inhibitor that binds to the palm subdomain of the polymerase (25) , also displayed reduced activities in the HCV-796R cells (Table 6) . HCV-371, a pyranoindole inhibitor that binds in the lower thumb domain of the polymerase (11), inhibited both the wild-type and HCV-796-associated resistant replicons with similar activities (Table 6) . 2Ј-C-Methylcytidine, an active nucleoside inhibitor of valopicitabine (NM 283) (39) , which has demonstrated clinical efficacy, inhibited HCV-796-resistant replicons as effectively as the wild-type replicon.
DISCUSSION
HCV infection is the leading cause of cirrhosis and liver cancer affecting 170 million people worldwide (9, 45) . The current standard of care, a combination of interferon products and ribavirin, has limited efficacy in less than 50% of patients infected with genotype 1 of the virus. Severe side effects leading to ϳ10% to 20% treatment discontinuation further limit its utility in the clinic. Several HCV-specific protease and polymerase inhibitors, including BILN2061, telaprevir and boceprevir, valopicitabine, and HCV-796 (14, 21, 28, 29) , have been evaluated in the clinic. In monotherapy studies, these agents L314F) is expressed as the amino acid of the input replicon, the amino acid position, and the amino acid substitution.
b EC 50 values were determined using MDL LSW data analysis. Inhibitory activity is expressed as mean EC 50 Ϯ standard deviation. n indicates the number of determinations.
c The viral load reduction was determined at 2,240 nM HCV-796 in a 3-day assay. The data represent the mean log reduction of viral RNA Ϯ standard deviation. The results represent at least three determinations.
d The evaluation of 1b BB7-C316N was performed in a separate laboratory. The EC 50 for HCV-796 in 1b BB7 was 8.6 Ϯ 4 (n ϭ 14), which was used to calculate the resistance for 1b BB7-C316N.
e NA, not applicable. f Replicon variant S365L failed to establish a stable cell line upon selection with G418. (1, 14, 31, 33, 39, 42) . Resistant viruses were isolated in patients treated with all these agents (32, 41) . Some mutations present in resistant clinical isolates were previously selected in the replicon system, underscoring the important utility of the replicon for preclinical resistance studies (16, 38) . In anticipation of resistance that might arise in the clinic, we sought to identify and characterize the HCV-796 resistance profile in vitro. We have done so using a comprehensive range of assays, from a cell-based replicon system to protein biophysical assays. Replicon variants, selected after exposure to HCV-796, displayed 23-to 6,812-fold-reduced susceptibility to the compound (Table 2 ). In a total of 93 clones that were sequenced in the NS5B region, several key mutations were identified. The frequencies of mutations varied, with C316Y/F/S, S365A/T/L, and C445F the most prevalent substitutions observed ( Fig. 5B and C) . The resistant phenotype of the replicon variants suggested that these amino acids played an important role in determining susceptibility to HCV-796 (Table 3) . Based on low colony formation efficiency (Table 4 ) and the reduced HCV RNA levels in the established replicon cell lines (Table  3) , these variants were less fit than the wild-type replicon. The binding of HCV-796 to apo-HCV NS5B has been characterized by an X-ray crystallography study of the complex (R. Chopra, G. Krishnamurthy and A. Y. M. Howe, unpublished observations). Using this information, the sites of mutations were mapped to the three-dimensional model, and their effects were evaluated. Ser 365 forms a hydrogen bond from the side chain oxygen to the amide nitrogen of HCV-796. The S365A, S365T, and S365L mutations perturb this key hydrogen bond, providing a structural understanding of the 41-to 212-foldreduced susceptibility to HCV-796 in the S365A/T/L replicon variants (Table 3) . Similarly, the mutation on ␣-helix M at position 414 results in a direct perturbation of a side chain interaction with the compound HCV-796 and highlights a region of the protein that has been observed to generate resistance to other inhibitor classes that are located in close proximity to the HCV-796 binding site (20) . Cys 316 is immediately adjacent to the catalytic triad (GDD motif; G317, D318, and D319) of the NS5B RdRp, which coordinates the metal ions and nucleotide triphosphate during HCV RNA synthesis (18) . Replacement of Cys 316 with a larger hydrophobic side chain, (Fig. 6 ). Cys 316 in NS5B is highly conserved in HCV genotype 1a isolates, whereas the position is rather polymorphic among isolates in genotypes 1b and 4. Of 117 genotype 1b sequences reported in GenBank, 40% contain asparagine, 57% contain cysteine, and 4% contain tyrosine at amino acid 316 of NS5B. Five percent of the natural isolates in genotype 4 contain asparagine at this position. In the 1b replicon, the C316Y mutation was selected after multiple treatments with HCV-796; however, the Cys 316 Asn mutation was not. The C316Y mutation requires one nucleotide change (underlined) (TGC3TAC), whereas the mutation of C316N requires two simultaneous or sequential substitutions (TGC3AAC) ( Table 1) . Although the C316N mutation might be more difficult to generate due to two nucleotide substitutions, the presence of Asn 316 variants in the natural genotype 1b isolates might affect the efficacy of HCV-796. Both the Tyr 316 and Asn 316 replicon variants have reduced susceptibility to HCV-796 (Table 3) .
A combination cocktail containing HCV-796 and other antiviral agents might help to combat viral resistance. The combination of a polymerase inhibitor, HCV-796, and a protease inhibitor, boceprevir, has been demonstrated to enhance antiviral activities in replicons and reduce the emergence of resistant variants (13) . In addition to the nucleoside analogues, all nonnucleoside inhibitors reported to date were shown to bind at one of the four regions in the HCV NS5B: two at the thumb subdomain (36) and two at the palm subdomain. With the exception of anthranilate, the resistant variants selected by HCV-796 remained sensitive to HCV polymerase inhibitors that bind to different sites of the polymerase (Table 6) , supporting the use of different polymerase inhibitors in a combination therapy. The reason for cross-resistance between the benzofuran and anthranilate classes of inhibitors is unclear. A structural comparison of the anthranilate and HCV-796 binding sites showed an overlap of amino acid residues in the palm subdomain of the polymerase (unpublished data). Several inhibitors from different chemical classes were shown to bind NS5B at or proximal to the anthranilate binding site (20, 24, 37) ; it is prudent to examine the potential cross-resistances of these inhibitors before combination therapy.
In vitro resistance data have been relatively easy to generate but difficult to interpret. We have delineated the important amino acids (Cys 316 , Ser 365 , and Met 414 ) as markers for HCV-796 resistance generated either by exposure to the compound or by selection from preexisting pools of replicons. In addition to identifying and characterizing resistant variants selected by HCV-796 in the replicon and enzyme systems, the studies described here were unique in relating the HCV polymerase resistance to the site of inhibition through structural and biophysical analyses. At present, it is unclear if the resistant replicons selected by HCV-796 in vitro predict selection of resistant viruses in vivo. Some replicon variants with reduced replicative capacities were stabilized only under selective pressure from G418. These variants may not survive or may represent a minority of the HCV population in vivo. Nevertheless, the selection pressure exerted by an immune response in vivo is predicted to significantly affect the genetic evolution of the virus. To assess the impacts of resistance on chemotherapy, the mutation frequency, population size, temporal profile, and replication fitness of the resistant variants in patients should be evaluated or monitored. In the phase 1b proof-of-concept studies, patients treated with HCV-796 alone or in combination with pegylated interferon had mean viral-load reductions of 1.4 and 3.3 log 10 units, respectively. The clinical testing of HCV-796 was halted due to the liver enzyme elevation observed in some patients after 8 to 10 weeks of dosing during the phase 2 studies. Population sequencing of the clinical isolates derived from the phase 1 patient samples showed that C316Y was the predominant mutation associated with viral rebound. At present, we do not know if other mutations identified in the replicon selection might also exist as minor variants in these clinical samples. The combined use of virological, biochemical, and structural methods has enhanced our understanding of the molecular mechanism of resistance, which may help us to design more successful treatment strategies and develop second-generation inhibitors with improved potencies and resistance profiles. In spite of a setback in clinical development, HCV-796 represents the only compound at this binding site that has demonstrated clinical efficacy. Efforts to eliminate the clinical side effects in this class of inhibitors will likely yield an optimal compound that will prove to have clinical utility.
